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A grand vision of realization of smart and compact multifunctional microfluidic devices for wearable 
health monitoring, environment sensing and point of care tests emerged with the fast development of 
flexible electronics. As a vital component towards this vision, magnetic functionality in flexible fluidics is 
still missing though demanded by the broad utility of magnetic nanoparticles in medicine and biology. 
Here, we demonstrate the first flexible microfluidic analytic devices with integrated high-performance 10 

giant magnetoresistive (GMR) sensors. Such devices can be bent to radius of 2 mm while still retaining 
its full performance. Various dimensions of magnetic emulsion droplets can be probed with high 
precision with limit of detection of 0.5 pl, providing broad applicability in high throughput droplet 
screening, flow cytometry and drug development. The flexible feature of the analytic devices holds great 
promise in the realization of wearable, implantable multifunctional platforms for biomedical, 15 

pharmaceutical and chemical applications. 

Introduction 

Flexible electronics represent a new generation of devices with 
exclusive features, for which conventional electronic devices 
relying on rigid substrates cannot surpass, i.e. reshaping its 20 

original form after fabrication, and even intimate contact with 
arbitrary geometries. Extensive research works have been 
reported on stretchable integrated circuits,1,2 bendable batteries,3,4 
light emitting diodes,5 flexible6,7 and stretchable8 
magnetoelectronics, rollable electronic displays,9,10 ultrathin 25 

transistors,11,12 solar cells,13 and paper-based electronics.14 In 
recent years, technological developments have been driven from 
single functional element towards the realization of more 
complex integrated platforms. For instance, an active-matrix 
tactile sensing foil with arrays of integrated switching transistors 30 

and touch sensors was demonstrated.11 Moreover, flexible 
electronics benefited from recent advances in microfluidics, 
leading to the emergence of a new type of flexible diagnostic 
devices or micro total analysis system (µTAS), which is cost 
efficient and suited for resource limited settings or poverty 35 

related conditions, and mechanically flexible appropriate for 
wearable, implantable biomedical devices or fluid delivery 
system. Flexible microfluidic devices have been reported on 
using label-free chemical sensing method on cellulose paper,15-17 
textiles18 or polymeric substrates.19  40 

Nonetheless, the diverse fields of microfluidics have seen 
extensive applications of magnetic nanoparticles in i.e., early 
detection or treatment of cancer,20-22 immunological assays,23 
point-of-care tests,24 and on-chip manipulations of biospecies.25,26 
Detection of magnetically-labelled biomarkers in complex 45 

biological samples with GMR27-34, tunnelling magnetoresistance 

(TMR)35,36 or hall sensors37 have been realized on rigid platforms 
based on microarray format, which is capable of multiplex 
diagnostics or assays by detecting magnetic labels statically 
immobilized on substrates. However, the format is incapable of 50 

whole cell analyses. Recently, in-flow detection with magnetic 
sensors based on cytometric format addressed the need of 
analyses on cell level and promised high throughput 
enumerations of magnetically-labelled entities.38-44 In addition, 
droplet-based microfluidics encapsulating biological species and 55 

magnetic nanoparticles can also benefit from the fast 
development of magnetic flow detection, as emulsion droplets 
armed with magnetic functionality can be used to transport, mix 
and release cargos in a controlled manner.25,26 The effective on 
chip operations of emulsion droplets, however, relies on a clear 60 

identification of its volume and concentration of encapsulated 
magnetic nanoparticles. The evaluation of the as-synthesised 
magnetic micro-gels in droplet microfluidics primarily relied on 
optical observations,45 while the instant feedback of which is 
crucial for process control. Thereby, accompanied by the 65 

eagerness and development of modern multifunctional 
biomedical devices which are light weight, inexpensive, wearable 
or even implantable, an inexpensive flexible integrated 
microfluidic platform combining both advantages from flexible 
electronics and fluidics, and possessing magnetic functionalities, 70 

i.e., for detection and quantification of magnetic objects in real 
time, is highly attractive and demanded. 

Here, we fabricate the first highly flexible polymer-sandwiched 
giant magnetoresistive (GMR) device with integrated continuous 
microfluidic flow system, which processes magnetic functionality 75 

as demanded and is capable of probing magnetic objects 
encapsulated in emulsion droplets. The volume of droplets loaded 
with superparamagnetic nanoparticles ranges from hundreds of 
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picoliters to a few nanoliters, which can be well incorporated in 
lab-on-a-chip devices with low consumption volume while still 
providing sufficient amount of materials for on-chip manipulation. 
The detection limit for the magnetic content in an emulsion 
droplet of 1 nl was about 4 mg/ml, which is perfectly suited for 5 

full-range magnetic manipulations of droplets on chip including 
magnet disengagement, droplet dispersing and particle 
extraction.26 The entire device can be bent down to radius of 2 
mm still maintaining its full performance, which renders it the 
most flexible microfluidic analytic tool reported so far. 10 

Materials and Methods 

Preparation of substrates 

A layer of SU-8 2 (MicroChem) photosensitive polymer was 
coated on a PET foil in order to reduce the surface roughness. TI-
prime (MicroChem) was used as an adhesion promoter, before 15 

which a 5-min oxygen plasma treatment of 40 mW was 
performed to remove adsorbents. The spin coating speed of SU-8 
2 was adjusted to 6000 rpm to produce a layer thickness about 
800 nm. The spin coated SU-8 2 buffer was baked at 90°C on a 
hot plate for 5 min, and cross-linked by UV exposure using a 20 

Mask Aligner (Karl Suss, MJB4) followed by a post-bake at 90°C 
for 5 min. 

Fabrication of GMR sensors 

The sensor was prepared by magnetron sputtering technique. 
Before deposition, negative photoresist (AZ5214E, MicroChem) 25 

was spin coated on a PET foil buffered with SU-8 2 layer, which 
was subsequently patterned into a rectangular stripe with 
dimension of 6 µm × 100 µm by a standard photolithography 
technique using image reversal process. The deposition was 
performed under high vacuum condition with base pressure about 30 

7.0 × 10-7 mbar. Ar was used as the sputter gas, the pressure of 
which was kept at 9.4 × 10-4 mbar. The structure of the sensor 
was revealed by lifting off the photoresist with acetone. After 
patterning the GMR sensors, a second step lithography based on 
lift-off process was used to pattern electrical contacts which were 35 

aligned with the sensors. Ta (5 nm)/Cu (200 nm)/Ta (5 nm) was 
used as the materials for the electrical contacts, which were 
deposited by magnetron sputtering technique.  

Encapsulation of GMR sensors 

In order to protect the GMR sensor from current leakage when it 40 

is integrated into a microfluidic channel, a SU-8 2 photosensitive 
polymer of thickness about 700 nm was spin coated on top of the 
sensor at spin speed of 8000 rpm. Afterwards, the SU-8 2 
insulation layer was exposed under UV light with a mask aligner 
(MJB4, Karl Suss) to cross-link the polymers. After the exposure, 45 

the SU-8 2 layer was left without post-baking to retain epoxy 
groups in order to facilitate final assembly with a PDMS channel. 

Assembly of the final device 

The PDMS microfluidic channel was prepared based on a mould 
casting approach. Firstly, a layer of SU-8 50 (MicroChem) 50 

polymer was spin coated on a silicon wafer at the speed of 1000 
rpm to obtain a layer thickness of 100 µm. Then the polymer was 
patterned by standard photolithography process, resulting in a 
channel width of 100 µm. A fresh PDMS (Silicone Elastomer 

KIT, Sylgard 184, Dow Corning) mixture (1:10 in wt%) was 55 

prepared and poured into the SU-8 50 mould and cured at 200° 
for 5 min. Afterwards, the cured PDMS channel was peeled off 
from the silicon wafer. The inlets/outlets of the channel were 
created through PDMS using a biopsy puncher with a diameter of 
1 mm. The assembly of the device was finalized by bonding 60 

PDMS channel to the SU-8-encapsulated chip. A N2 plasma 
treatment of 3 min and 40 mW was used to produce amine-
terminated groups on PDMS surface.53 Then the chip and the 
PDMS channel were brought into contact under an optical 
microscope to precisely align the channel with the sensors. 65 

Finally, the device was baked at 120°C on a hot plate for 30 min 
to achieve a permanent bonding between PDMS and the chip. 

Experimental setup 

Magnetoelectrical characterizations were performed with a four-
probe geometry in a magnetoelectrical testing station. The GMR 70 

sensors were placed in between two pole shoes of the 
electromagnets, where magnetic fields could be swept between 
±30 mT which was sufficient to saturate the sensor. The GMR 
sensor was powered by a constant current while the voltage 
change was recorded by a programmed multimeter (Keithley 75 

Model 2000). The bending experiments were realized on a motor-
controlled mechanical loading setup. The sample was mounted on 
a loading stage, one end of which was precisely driven by a 
motor to move over a defined distance while the other end was 
fixed. Meanwhile, the stage was placed inside the above 80 

mentioned magnetoelectrical testing station, from which GMR 
curves could be measured on samples in different bending states.  

For the real time detection of emulsion droplets, a 
measurement setup was established based on a Wheatstone bridge 
(see details in ESI†). The whole bridge was powered by a lock-in 85 

amplifier, the differential voltage signal ΔV of which was fed in 
to the lock-in to improve the signal to noise ratio. The analogue 
output from the lock-in was picked up by an analogue/digital 
converter (NI-USB 6800, National Instrument). A constant AC 
measuring current of 1 mA was used. An internal lock-in 90 

sinusoidal signal with a frequency of 1 kHz and amplitude of 0.08 
V was used as a reference. The sampling rate of the AD converter 
is 5 kHz. The measurement range of the lock-in was 500 µV. For 
the measurement, an external permanent magnet is placed below 
the sensor. As the sensor is sensitive to the in-plane magnetic 95 

field, the in-plane component of the stray fields from the magnet 
is used to bias the sensor to the most sensitive region. The 
position of the magnet was carefully adjusted via monitoring the 
sensor output and fixed during the whole measurement of 
droplets. 100 

Utilized reagents 

The substrate used is a transparent, flexible sheet of PET with 
thickness of 100 µm. To produce stable magnetic droplets in a 
microfluidic channel, hydrocarbon oil (Vacuum pump fluid, TKO 
19 Ultra, Kurt J. Lesker) mixed with 5 wt% of SPAN 80 was 105 

used as the continuous phase and magnetic nanoparticles 
(Ferrotec, EMG 700) diluted with different amount of DI water 
was used as the disperse phase.  

Results and Discussions 
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Fabrication of flexible magnetoresistive analytic devices 

For probing of magnetic particles or emulsion droplets in 
microfluidics, a magnetic sensor with high sensitivity and small 
effective sensing area which is comparable to the dimension of 
objects to be detected is required.46 The signal is essentially 5 

related to the effective magnetic stray fields of the magnetic 
entities that could be detected by a magnetic sensor.42,46 To fulfill 
the stringent requirements on the sensor sensitivity, high-
performance sensing elements relying on GMR effect should be 
applied. In this respect, GMR multilayers and spin valve sensors 10 

were already successfully fabricated on flexible6,7 as well as 
elastic membranes.48,49 In the present work, we chose highly 
sensitive GMR [Py(1.5 nm)/Cu(2.3 nm)]30 multilayers 
(Py=Ni81Fe19) coupled at the 2nd antiferromagnetic maximum 
prepared on a transparent, flexible sheet of polyethylene 15 

terephthalate (PET). The thickness of PET is 100 µm, which is 
mechanically stable to sustain high pressure during continuous 
pumping in a microfluidic channel while still maintaining the 
advantage for the device of getting reshaped as needed. The 
fabrication process of a flexible microfluidic magnetic device 20 

based on a polymer-sandwiched GMR sensor is displayed in 

Figure 1. A strong advantage of the platform on a flexible foil 
over conventional electronics integrated in microfluidic channels 
fabricated on silicon or glass substrates is the possibility of 
fabrication over large areas (Fig. 1b) and redesigning the 25 

substrate at will. For instance, a single working unit can be cut 
out of a flexible foil (Supplementary Movie), or redundant parts 
of the support for specific applications can be removed simply by 
cutting.  

As a first step, we used flexible SU-8 polymeric material to 30 

buffer the GMR sensor, as the commercially available PET foil 
used is characterized with a relatively pronounced roughness 
(~15 nm, root mean square) which can affect the interfacial 
mediated GMR effect.50 Coating SU-8 on a PET foil flattens its 
surface substantially (Fig. S2). Magnetoelectrical 35 

characterizations of [Py/Cu]30 multilayers coupled at the 1st and 
2nd antiferromagnetic maximum deposited on different supports 
(PET foil, polymer-buffered PET foil and silicon substrate) are 
compared in Fig. S1. The enhancement of the GMR ratio after 
polymer-buffering is attributed to the enhancement of the 40 

interlayer exchange coupling strength at reduced roughness.50 
 

 
Fig. 1 (a) Fabrication process of a flexible magnetoresistive analytic device, which is composed of several steps: (1) A layer of thin SU-8 polymer is spin coated on a 
flexible PET foil. (2) GMR multilayers and electrical contacts are patterned on a SU-8 buffered PET foil. (3) A second thin SU-8 polymer is coated on top of sensors 45 

and contacts as an insulating layer. (4) PDMS-casted microfluidic channel is assembled with bottom polymer-sandwiched GMR sensors. (Bottom left in Panel-a) 
Schematic representation of the cross-section of a flexible polymer-sandwiched microfluidic GMR device. (b) Photograph of a large area of electrodes integrated 
with microfluidic channels. (c) Photograph of a flexible GMR-based analytical device. (d) Photograph of a highly flexible GMR-based analytic device filled with 
liquid and producing emulsion droplets on chip. (Inset) Magnification of the part marked with a red rectangle on the chip. (e) The real time detection of a train of 
emulsion droplets with encapsulated magnetic nanoparticles (f) which are passing across the sensor. 50 

 
To ensure highest sensitivity, it is crucial to adjust the size of the 
GMR sensor to be compatible to the dimension of the magnetic 
objects under investigation. A top-down approach was used to 
structure the GMR sensors into rectangular stripes with a constant 55 

width of 6 µm and different length of 20, 40, 60, and 100 µm (Fig. 

S5). Detailed characterizations of the structured GMR sensors 
reveal that the change of the sensor resistance scales with the 
aspect ratio of GMR sensors. Independent of the length, the 
performance of the sensors patterned on one substrate remains the 60 

same with GMR ratio of about 14%. The variability of the 
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sensitivity of these patterned sensors on one substrate is ±
0.05%/Oe. The GMR ratio is defined as the magnetic field, Hext, 
dependent change of sample resistance: GMR(Hext) = (R(Hext) - 
R(Hsat)) / R(Hsat), where R(Hsat) is the sensor resistance when 
saturating magnetic field, Hsat, is applied.48 A GMR sensor (width 5 

6 µm × length 100 µm, Fig. 2b, upper panel) was integrated in a 
microfluidic channel with a cross-section area of 100 × 100 µm2 
(Fig. 2b, bottom panel). The magneto-electrical characterization 
of the integrated sensor (Fig. 2a) confirms the excellent 
performance of the device with a GMR ratio of 14% and 10 

maximum sensitivity of 0.4%•Oe-1 at low field of 12 Oe. Here the 
sensitivity is given by: S(Hext) = [dR(Hext)/dHext]/R(Hsat).

48 With 
the variability of the sensitivity of GMR sensors between 
substrates being within ± 0.1%/Oe, the performance of the 
polymer-buffered GMR sensor on PET foil is higher than the one 15 

(0.26%/Oe) previously demonstrated on a silicon substrate,41 
which could be ascribed to the enhanced interlayer exchange 
coupling across GMR multilayers as described in previous 
work.50 
 20 

 
Fig. 2 (a) GMR curve (black) and derived magnetic field dependent sensitivity (red) of a flexible GMR sensor stripe with size of 6 x 100 µm². (b) (Upper panel) 
Color-coded micrograph of a flexible GMR sensor stripe integrated into a PDMS microfluidic channel. (Bottom panel) SEM image of the cross-section of the 
microfluidic channel cut by a scissor. The channel has a height and width of 100 µm each. (c) Photographs of the device filled with liquid and producing emulsion 
droplets with encapsulated magnetic nanoparticles (NP) with bending radius of 11 mm. Inset is magnification of the part marked with red rectangle. The small black 25 

dots visible in the channel are emulsion droplets as-produced in the microfluidic channel. (d) Response of the GMR device at different bending states. The maximum 
change of the resistance (ΔRm, see inset in (e)) of the GMR sensor was recorded for different bending radii. The maximum average sensitivity of the sensor is plotted 
against different bending radii (red). The insets show photographs of the device which is bent to a bending radius (rB) of: 2 mm (i), when two ends of the device 
were closed, and 11 mm (ii). Error bars of the maximum sensitivity are standard deviations of the 4 sensitivity values derived during one cycle of magneto-electrical 
characterization. (e) The maximum change of the sensor resistance during cyclic bending. For the experiment, the device was reversibly bent from the relaxed state 30 

to radius of 8 mm. The inset shows the change of the sensor resistance for a magnetic field sweep after 95, 320, and 510 cycles of bending and unbending. Error bars 
for ΔRm in (d) and (e) are the precision of a multimeter (Keithley 2000) used for measuring the resistance. 

To ensure the operation of the GMR sensor in liquid 
environments, an appropriate electrical insulation is required. We 
went beyond the traditional insulating approach, i.e., covering 35 

with a layer of brittle oxides, such as SiO2 and Al2O3.
42 Instead, 

we adopted a strategy by encapsulating the sensor between two 
flexible polymer layers. As SU-8 is an epoxy-based polymer, the 
whole assembly process with the PDMS channel is facilitated by 
creating amine groups on the PDMS surface and harnessing the 40 

epoxy-amine reaction (details on preparation are given in the 
methods section).53 The assembly process was carried out without 
liquid condition for which usually drying out the whole device 
was tedious and time consuming. The final assembled device is 

shown in Fig. 1c. The fluidic functionality is demonstrated by its 45 

capability of delivering fluids and producing emulsion droplets 
on chip (Fig. 1d-1f). 

Mechanical performance of the device 

The whole GMR device (integrated sensor size: 6×100 µm²) with 
an integrated microfluidic channel was mounted on a mechanical 50 

loading stage, on which the device could be continuously bent 
and corresponding magnetoelectrical characterizations of the 
GMR sensor were simultaneously performed. Fig. 2d-2e shows 
the performance of the integrated GMR sensor during bending 
tests. The total thickness of the device including the PDMS 55 
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channel is about 2.3 mm. We continuously bent the device until 
two of its ends were almost closed (Fig. 2d, inset-i), revealing a 
minimum bending radius of about 2 mm which is superior to 
conventional inorganic materials of 100 µm thickness that can 
only reach a bending limit of about 5 mm.51 The total electrical 5 

resistance (including the sensor and electrical contacts) was 
measured without applying an external magnetic field and at an 
external magnetic field of 300 Oe (Fig. S6d), respectively, when 
the device was gradually bent to the minimum radius of 2 mm. 
The consistent behavior of the measured total resistance shows 10 

that the sensor was well electrically contacted during the entire 
bending cycle. A slight reduction of the saturation field of the 

sensor can be observed from the measurement of the resistance 
change under cyclic magnetic fields (Fig S6c) possibly due to 
magnetostriction effect, however, the sensor is still functional 15 

without degrading the performance, which is reflected by the 
constant maximum change of sensor resistance Rm with magnetic 
field during the magneto-electrical characterizations (Fig. 2d). 
For the magnetic detection, the reduction of the saturation field 
leads to the corresponding reduction of the sensing range for 20 

magnetic in-flow detection. However, the sensitivity of the sensor 
increases from about 0.4%/Oe to about 1%/Oe with increasing 
bending of the device.  
 

 25 

 
Fig. 3 (a) Real time in-flow detection of magnetic droplets of different concentrations, c, of encapsulated magnetic nanoparticles for a train of droplets with size of 
180 µm (within 2 s of measurement time). The voltage change (ΔV) of the device is recorded over time. (b) Dependence of the measured droplet length on the 
detection peak width for sequentially produced droplets of various sizes. The line represents a linear fit of the data. (Inset) Schematic sketch of a droplet in a 
microfluidic channel with the droplet length (denoted by L) measured along the travelling direction. (c) Histograms of the detection peak width for around 1000 30 

emulsion droplets containing magnetic nanoparticles of 37.5 mg/ml. Top x-axis denotes the corresponding droplet length. The red curve shows a Gaussian fit to the 
histogram. (d) Histograms of the detection peak amplitude for more than 1000 emulsion droplets of different concentrations of encapsulated magnetic nanoparticles 
(15.0 mg/ml, 37.5 mg/ml and 75.0 mg/ml). Top x-axis corresponds to the concentration of encapsulated magnetic nanoparticles. The curves show Gaussian fits to 
the respective histograms. 

The robustness of the device against uninterrupted mechanical 35 

deformation was tested by reversibly bending the same device 
back and forth to a target radius of 8 mm. Remarkably, more than 
500 cycles of bending were achieved with the device delivering 
full performance without any detachment of the microfluidic 
channel from the substrate. Also the sensor and electrical contacts 40 

did not show any degradation in performance in terms of the 
measured total resistance (Fig. S6e) and the maximum change of 
the sensor resistance during magnetoelectrical characterizations 
(Fig. 2e), which is reflected in exact overlapping of the measured 
GMR curves summarizing the change of the sensor resistance 45 

with varying magnetic fields after different bending cycles (Fig. 
2e, inset). One of the primary goals of fabricating an effective 
flexible microfluidic device is to demonstrate its capability of 

delivering liquids under various bending states. We connected the 
device to external supply tubes where hydrocarbon oil and 50 

aqueous magnetic nanoparticles can be injected via two separate 
inlets. Various bended states were realized by gradually closing 
the two ends of the device which were fixed on a stage (Fig. 2c & 
Fig. S7). It is clearly visible that magnetic emulsion droplets can 
be well produced even when the device was bent to the minimum 55 

radius of 2 mm (Fig. 1d), thus demonstrating to be the most 
flexible microfluidic device reported so far. 

Analytic features of the device 

To demonstrate the magnetic functionality of the device, 
superparamagnetic ferrofluid nanoparticles with nominal particle 60 

size of 10 nm (Ferrotec, EMG 700) were encapsulated inside the 
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emulsion droplets formed by a T-shape on-chip junction (Fig. S4). 
The emulsion droplets were pumped across the surface of an 
integrated GMR sensor one by one. As the ferrofluid magnetic 
nanoparticles are superparamagnetic, an external permanent 
magnet made of AlNiCo (A1045, IBSMagnet) was placed below 5 

the sensor to induce the net magnetic moment from the droplets 
and simultaneously bias the sensor to the most sensitive region 
(Details are provided in ESI†). The magnetic stray fields of the 
ferrofluid emulsion droplets were detected by the integrated 
GMR sensor, which is evidenced by characteristic detection 10 

events of the droplets consisting of isolated peaks of the voltage 
signal (Fig. 3a). The detection peak features its signal width and 
amplitude. As a GMR sensor is a proximity sensor, only local 
magnetic stray fields contribute to the final detected signal. 
Owing to this feature, the dimension of an emulsion droplet 15 

containing magnetic nanoparticles can be derived from the 
detection peak width. Further, as the amplitude of magnetic stray 
fields is proportional to the amount of magnetic nanoparticles in a 
droplet, the amplitude of the detection signal is related to the 
amount of magnetic content in the droplets, rendering the device 20 

an analytical tool.41 
The real time in-flow detection of magnetic droplets of 

different concentrations of encapsulated magnetic nanoparticles is 
shown in Figure 3a. The detection peak features a local maximum 
and a local minimum in signal amplitude located at the rising and 25 

falling edge, respectively, as local stray field maximum and 
minimum occur at the two ends of a magnetic droplet when it is 
magnetized by an external magnetic field.41 Fig. 3a shows that the 
detection of emulsion droplets of the same size but loaded with 
more concentrations of magnetic nanoparticles gives higher 30 

signal amplitudes (~ 55 µV for 75 mg/ml, ~ 30 µV for 37.5 
mg/ml and ~ 10 µV for 15.0 mg/ml of magnetic nanoparticles). 
We further produced a train of magnetic emulsion droplets of 
various sizes. As the detection peak width is independent of the 
concentration of magnetic nanoparticles in a droplet, it can be 35 

used to correlate the individual detection peak with each passing 
emulsion droplet.41 The real time detection of these emulsion 
droplets is displayed in Fig. S8. Fig. 3b plots the measured 
droplet size (denoted by L in schematic sketch) against the 
detection peak width for the sequentially produced droplets. We 40 

observe a clear linear dependence of the droplet size on the peak 
width. The coefficient (1.3±0.1 mm/s) between the droplet size 
and the peak width derived by a linear fit of the data agrees well 
with the flowing speed of the droplets (1.5±0.1 mm/s, determined 
by video analysis) in the microfluidic channel. The slight 45 

deviation from a perfect linear relationship is caused by the 
deviation in measuring the droplet length and the peak width, 
which is because of the limited resolution (10 µm) of optical 
digital microscope (ISM-PM160 L) and the slight deviation (±
0.1 mm/s) of the flow speed. The precision of the detection peak 50 

width (1 ms) obtained with the device is determined by electronic 
settings (sampling rate of 5 kHz), which reveals that the precision 
of determining the droplet size is about 1.5 µm under the constant 
flow speed of 1.5 mm/s. Thus, the magnetic sensors provide very 
precise information on the size of emulsion droplets without use 55 

of complex and bulky optical detection schemes,52 which is 
crucial for applications in wearable diagnostic electronics. 

Furthermore, the device allows monitoring the evolution of 

droplets under various flow mechanisms, i.e. distinguishing 
between squeezing and dripping regimes in microfluidics without 60 

use of optical methods. We put forth a theoretical model (Fig. S9), 
which allows correlating the reduction of the droplet volume to 
the decrease of the amplitude and width of detection peaks when 
the droplet is smaller than the channel dimension. The minimum 
size of an emulsion droplet encapsulated with 37.5 mg/ml of 65 

magnetic nanoparticles that can be detected by the device is 
estimated to be 10 µm in diameter (~ 0.5 pl in volume) in a 
channel with a cross-section area of 100 x 100 µm2, which 
unveils the potential of the device in applications such as sensing 
magnetic objects encapsulated in even much smaller volume, i.e., 70 

magnetically-labeled biological cells for cytometry applications. 
As the device is capable of resolving magnetic emulsion 

droplets in terms of size and magnetic content, it can find its 
application in analyzing the distribution of droplet size and 
concentration of magnetic nanoparticles over large arrays. For 75 

example, histograms of the peak width (Fig. 3c) and amplitude 
(Fig. 3d) are used to statistically analyze the distribution of size 
and concentrations of magnetic nanoparticles in a large scale of 
emulsion droplets, respectively. A Gaussian fit to the histogram 
reveals that the average size of around 1000 as-produced droplets 80 

is about 200 µm with a standard deviation of 12 µm; while Fig. 
3d analyzes the magnetic content of more than 1000 droplets 
encapsulating different concentrations of loaded magnetic 
nanoparticles. We measured emulsion droplets of around 1 nl 
containing various concentrations of magnetic nanoparticles 85 

ranging from 15.0 mg/ml to 75 mg/ml, the voltage signal on 
different concentrations of magnetic nanoparticles is shown in 
Fig. S10. Linear interpolation of the data to the noise level of the 
device (~ 2.5 µV) reveals the limit of detection (LOD) of the 
device of around 4 mg/ml, enabling the device as a quantification 90 

tool for the identification of the amount of magnetic materials 
used for on-chip manipulation of emulsion droplets encapsulated 
with other reagents.25 

The current LOD of the device is set by several factors, i.e. the 
thickness of the insulation layer, the magnetic field configuration 95 

used for biasing the sensor and magnetizing nanoparticles, as well 
as measurement electronics. A detailed comparison of the present 
device with prior works on the LOD has been made in ESI†. As 
shown, the LOD of the magnetic moment of a droplet for the 
present device is about 2 x 10-10 emu for a droplet of 0.5 pl, 100 

which is estimated for a microfluidic channel with a height of 100 
µm. The LOD of our device is comparable with previously 
reported value (2 x 10-10 emu) with devices integrated in a 10 µm 
high channel.55 Thus, a hydrodynamic focusing approach39 could 
be used to reduce the physical separation distance between the 105 

sensor and targets to detect such small droplets (0.5 pl), or 
bacteria and pathogens with even smaller dimension (~ 1 µm). 
Further, the thickness of the insulation layer (~ 700 nm) could be 
further reduced to enhance sensitivity as the signal level inversely 
scales with z³ (z being the distance of magnetic objects from the 110 

sensor surface). In addition, relatively larger out-of-plane 
magnetic field (up to 190 mT) can be used to induce larger 
magnetic moment of magnetic nanoparticles to magnetize 
without saturating the sensor.42 

Conclusions 115 
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In summary, we developed a flexible microfluidic device 
equipped with in-situ magnetic functionality. Compared with 
present existing magnetic flow detectors fabricated on rigid 
substrates,40-44 the direct advantages our approach provides are 
the feasibility of cost-efficient production and perspectives of 5 

mass production due to the low cost and light weight of flexible 
foils. The remarkable mechanical properties of the device 
compared with rigid counterparts, i.e., minimum bending radius 
of 2 mm and over 500 cycles of bending, also promises the long 
term stability of the device for practical applications. 10 

Although the current device possesses merely magnetic 
functionality, it could be extended for future applications. An 
example can be made in the application of in vivo flow cytometry, 
which is performed directly in the human body. In such a case, 
magnetic nanoparticles have been used to enrich biomarkers to 15 

the near-skin area to enhance the detection which combines 
already optical and acoustical methods.54 Naturally, a magnetic 
functional element could be used for such application to directly 
detect biomarkers labeled with magnetic particles. In order to 

have the best compliance to the human body, a bendable device 20 

which can provide such magnetic functionality is anticipated. Our 
present device provides the state-of-the-art solution to incorporate 
magnetic elements on a flexible platform that could be potentially 
implemented in such kind of modern biomedical devices by 
combining optical, magnetic, acoustical, and chemical 25 

sensitivities in order to realize modern multifunctional 
biomedical devices which are light weight, wearable or even 
implantable.  
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